We derive a new flavor symmetry relation for the determination of the weak phase β = φ1 from time-dependent CP asymmetries and B → J/ψP decay rates. In this relation, the contributions to sin 2β proportional to V ub are parametrically suppressed compared to the contributions in the B → J/ψK 0 time-dependent CP asymmetry alone. This relation uses only SU (3) flavor symmetry, and does not require further diagrammatic assumptions. The current data either fluctuate at the 2σ level from expectations, or may hint at effects of unexpected magnitude from contributions proportional to V ub or from isospin breaking.
INTRODUCTION
CP violation in B → J/ψK S will be measured at the percent level at Belle II [1] and LHCb [2], a precision several times better than today [3] [4] [5] , and crucial for improving the sensitivity to new physics in B mixing (see, e.g., [6] ). This projected uncertainty is comparable to the characteristic size of the CKM-suppressed uncertainties, proportional to V ub , 1 in the time-dependent CP asymmetry,
Γ[B(t) → f ]−Γ[B(t) → f ] Γ[B(t) → f ]+Γ[B(t) → f ]
= S f sin(∆m t) − C f cos(∆m t),
Here f denotes final states composed of J/ψ and a pseudoscalar meson, P ; A f = f |H|B 0 , A f = f |H|B 0 ; ∆m is the mass difference between the two neutral B mass eigenstates, |B H,L = p|B 0 ∓ q|B 0 ; and we neglect the small O(∆Γ/Γ, |q/p|−1) effects in the B d system, as well as O( K ) effects, which are straightforward to include [7] .
At the current level of precision, the relation
truncated at leading order has been sufficient to extract the CKM phase β ≡ arg[−V * cb V cd /(V * tb V td )]. The theoretical uncertainty is limited by our ability to compute or bound the subleading contribution to the decay amplitude, proportional to V ub . This is the A u term in the decay amplitude,
(i = u, c and q = d, s), which has a different weak phase and possibly a different strong phase than the dominant A c term.
The upcoming experimental precision has renewed interest in constraining the effects of this "V ub contamination" in measurements of β and its analog in B s decays, β s . Comparisons between B d → J/ψρ 0 and B s → J/ψφ [8, 9] rely both on flavor symmetry and diagrammatic arguments. It has also been proposed to use B s → J/ψK S to control the V ub term in B d → J/ψK S (see, e.g., Ref [10] ). Other approaches attempt to constrain the V ub contribution from global fits to multiple observables using flavor SU (3) [11] [12] [13] [14] [15] , often with additional simplifying assumptions, or attempt to compute the corresponding hadronic matrix element using QCD factorization (see, e.g., Ref [16] ). Some of these works claim that the V ub contamination can be enhanced to several percent, which is challenged by a lower estimate of rescattering effects using measured rates [17] .
In this paper we derive a flavor SU (3) relation for β,
and B + → J/ψπ + branching ratios and CP asymmetries, in which, in the SU (3) limit, the contributions linear in V ub cancel. This permits extraction of β up to parametrically suppressed contributions, compared to the V ub contamination in Eq. (2). Our results rely only on group theoretic relations among the decay amplitudes, and do not involve diagrammatic or factorization arguments. The same relations imply a lower bound for the presently unmeasured B s → J/ψπ 0 decay rate.
AMPLITUDE RELATIONS
We obtain SU (3) relations for the B → J/ψf decay amplitudes by application of a Wigner-Eckart expansion, after embedding the Hamiltonian and the in-and out-states into SU (3) representations. The B in-states furnish a flavor anti-triplet, [B 3 
The charmless pseudoscalar out-states furnish a singlet, [P 1 ] = η 1 , and the usual octet, We allow an arbitrary η-η mixing angle, such that the mass eigenstates are η ( ) = η 8 cos θ ∓ η 1 sin θ. The effective Hamiltonian for B → J/ψP decay contains four-quark operators that mediateb →q i q jq k or b → ccq i transitions (q = u, d, s). Under SU (3) flavor, this embeds into 3 ⊗3 ⊗ 3 = 3 ⊕ 3 ⊕6 ⊕ 15 irreducible representations. The nonzero independent components of the Hamiltonian are given in Eq. (53) of Ref. [18] . Finally, SU (3) and isospin breaking is encoded by insertions of the usual octet spurions, [M] i j ≡ ε diag{1, 1, −2} and δ diag{1, −1, 0} respectively.
We work to first order in G F and to all orders in α s . In the SU (3) limit, the A c and A u terms in Eq. (3) each depend on three reduced matrix elements, corresponding to the 3,6, and 15 pieces of the Hamiltonian. For A c , the6 and 15 terms only arise from electroweak penguin contributions, suppressed by α em . These are accounted together with other sources of isospin breaking in A c , which are comparable in size. The electroweak penguin contributions to A c transforming as the 3 (which probably dominate) are automatically absorbed in the leading A c contributions.
The decay amplitudes are expanded to O(ε p ) via
Here w labels a set of linearly independent SU (3) tensor contractions, H is the Hamiltonian, and there are p insertions of M. The X p w are reduced matrix elements, while C p w encode the weak physics, pth order SU (3) breaking effects, and group theoretic factors. Finding SU (3) sum rules at order ε p is equivalent to computing kernels of (C p w ) B;f [18, 19] . It is useful to derive relations that hold independently for the A c and A u amplitudes in Eq. (3). In anticipation of the need to account for SU (3) breaking effects, we further expand each reduced matrix element order-byorder in SU (3) breaking, and write
In the SU (3) limit, we have
Hereafter, we write A c instead of the A (0) c amplitudes in Eq. (7b). Considering the first order SU (3) breaking contributions to the amplitudes independently, we find
Equations (8a)-(8c) are isospin relations, and hold to all orders in the SU (3) breaking parameter ε. Finally, the A u amplitudes in the SU (3) limit satisfy [20] [21] [22] 
Besides Eqs. (7)- (9), there are further relations involving J/ψη ( ) states, that are not needed for our analysis. Similar relations also hold for vector mesons, with obvious replacements.
It is often assumed based on diagrammatic arguments that the A (0)
(9c) can be neglected (see, e.g., [11] [12] [13] [14] ). We make no such assumption. The current limits on A (0) u (B s → J/ψπ 0 ) are weak, in the sense that the data allows this contribution to be sizable. Below we use Eq. (9c) to set a lower bound on the branching ratio B(B s → J/ψπ 0 ).
RELATION FOR sin(2β)
Given the flavor symmetry relations, we proceed to construct an SU (3) relation among branching ratios and time-dependent CP asymmetries, that permits extraction of β without V ub contamination in the SU (3) limit. This relation will only involve B d or B + decays, so hereafter we denote A f ≡ A(B → J/ψf ), for B = B d , B + . Besides the SU (3) and isospin breaking parameters,
we also expand certain observables in
0.15 + 0.34 i is the apex of the unitarity triangle. Powers of R u track powers of V ub , and enter with corresponding powers of A u /A c . We make no assumptions concerning the size of |A u /A c |. While ε and R u are not particularly small parameters, R 2 u , εR u and ε 2 can be treated as 1. We therefore expand physical observables to this order, and seek relations without O(ε, R u ) terms.
Expanding to next-to-leading order in these small parameters, the CP-averaged rate is 
We emphasize that the ε n Re A 
= −Re λ
where we replaced A 
Eliminating the V ub contamination -the A (0) u termsin Eqs. (13), (14) , and (16), one obtains the relation (17) is the main result of this paper. In the SU (3) limit, the V ub contamination in S K S , ∆S K S ≡ S K S − sin 2β, is canceled by contributions from ∆ K , ∆ π and S π 0 . This leaves only corrections parametrically higher order in ε, δ or R u , where δA
c,K is the isospin breaking difference of A c,K 0 and A c,K + , arising in ∆ K .
The O(εR uλ 2 ) SU (3)-breaking correction in Eq. (17) is unambiguously smaller than the V ub contamination in
2 ) terms in Eq. (17) are dominated by the V 2 ub terms in ∆ π , which are numerically enhanced by tan γ 2.6. If A u /A c = O(1), then these corrections are not numerically suppressed, since R u tan γ 0.9. However, in this case, future data should show an enhancement of ∆ π compared to its present value (see Table I ), which will constrain this possibility. If c /A c ] ∼ 1%, then this term may be numerically larger than ∆S K S . However, in this case, the experimental upper bound on ∆ K should decrease. It may also be possible to obtain constraints on the isospin violating matrix element A (δ) c,K /A c using other methods, in order to extract β from Eq. (17) at sub-percent precision.
NUMERICAL RESULTS AND PREDICTIONS
The four observables in Eqs. (13), (14) , and (16) depend on β and the real parts of the three A (0) u,f /A c amplitude ratios. We may therefore extract these matrix elements and β from a fit to these four observables, noting one may also extract β directly from Eq. (17) . We use the SM fit values γ = 67
• ± 2 • andλ 2 5.36 × 10 −2 [23] as inputs, and determine R u from the identity R u ≡ sin β/ sin(γ + β). The SM CKM fit results for R u (or ρ andη) are not used, as they depend strongly on the assumption of negligible V ub contamination in β, whereas the SM fit result for γ has only a small dependence on the direct β measurement.
The experimental data for these observables are shown in Table I from HFAG [24] . The S K S value is the average of S J/ψK S from BaBar, Belle, and LHCb, with other charmonium states ψ(2S), χ c , etc., excluded, since those hadronic matrix elements are not related by SU (3). One then finds from Eq. (17) β = 27.8
• ± 2.9
• ,
and from Eqs. (13), (14) , and (16) 
Assuming that the V ub contamination and isospin violation are small, so that β takes its current SM fit value, β = (21.9 ± 0.8)
, then Eq. (17) and the S K S and S π 0 data predict,
The source of the 2σ tension between Eqs. (20) and (21) is the same as that between Eq. Combining Eq. (9c) with Eqs. (13) and (14), one finds in the SU (3) limit,
The sizable experimental central value for the left-hand side [cf. Eq. (20) ] is therefore connected to the possibility of a sizable amplitude A 
where we neglected small phase space differences. From the current experimental data in Table I , we obtain
2 Future measurements of these rates may require combined analyses with other decays, to simultaneously constrain the isospin asymmetries and the B + B − versus B dBd production in Υ(4S) decay. Current analyses either assume isospin symmetry to measure the production rate difference, or assume equal production rates to measure the branching ratios entering ∆ K,π [24, 25] .¯ηρ at the 1σ level, and > 1.1 × 10 −6 at the 90% CL. This is to be compared to the SM expectation of O(10 −7 ). The experimental uncertainties dominate this result, and are larger than the theoretical uncertainty in Eq. (23) .
One can use Eq. (17) to derive an allowed region in the (ρ,η) plane. In Fig. 1 we show this constraint from the current data, compared to other bounds. The sizable uncertainty of ∆ K leads to a somewhat loose constraint. The ±1σ range at present tends to favor a slightly larger β, and is in better agreement with measurement of |V ub | from inclusive rather than exclusive semileptonic B decays. More precise measurements of S K S , S π 0 , ∆ K , and ∆ π are needed to improve the statistical significance of this constraint and to decide if there is an interesting tension with the SM CKM fit.
Future data will also give other means to explore whether the uncertainties in β are under control and to gain confidence about bounds on the V ub contamination. For example: (i) The ∆ π observable in Eq. (14) only receives an A (0) u contribution from the 15 representation, so more precise data can be used to constrain the size of this matrix element, which also contributes to ∆S K S ; (ii) The direct CP asymmetries can be used to extract the imaginary parts of the A (0) u,f /A c amplitude ratios, which provide a lower bound on the |A u /A c | 2 terms in ∆ π ; (iii) When |V ub | measurements improve, comparison of the SM CKM fit excluding S K S with Eq. (17) will provide independent information on possible origins of the tension in Fig. 1 .
